The excessive mineral contents in water circulation systems could cause severe fouling in heat transfer equipments. The present study investigated the effect of underwater pulsed spark discharges on the mitigation of mineral fouling in a concentric counterflow heat exchanger. Artificial hard water with calcium carbonate hardness of 250 mg/L was used with velocity ranging from 0.1 to 0.5 m/s and zero blowdown. Fouling resistances decreased by 50-72% for the plasma treated cases compared with the values for no-treatment cases, indicating that the pulsed spark discharge could significantly mitigate the mineral fouling on the heat exchanger surface.
Introduction
Calcium carbonate is one of the most common scale-forming minerals occurring in heat exchangers using cooling water. It is generally the first mineral to precipitate out when water is heated due to its inverse solubility. Thus, the control of calcium carbonate scale is often the limiting factor in most industrial cooling water applications, as the scale decreases the efficiency of heat exchangers because of its insulating effect.
Physical water treatment (PWT) is a nonchemical method to mitigate mineral fouling. A number of studies have been reported for the effectiveness of solenoid coils, permanent magnets, and catalytic alloys [1] [2] [3] [4] [5] . Recently Yang et al. reported that underwater pulsed spark discharge may induce the precipitation of calcium carbonate in supersaturated water [6] . Note that the precipitation of dissolved mineral ions takes place in the bulk water with PWT instead of on the heat exchanger surfaces. This is the key process for all PWT methods, as the particles suspended in water tend to form a soft coating on heat transfer surfaces. If the shear force produced by flow is large enough to remove the soft coating, mineral fouling can be prevented or mitigated.
In this paper, direct pulsed spark discharge generated in water was used to mitigate mineral fouling in a double-pipe heat exchanger. A new method using microsecond-duration pulsed plasma in water is a major improvement over the aforementioned PWTs because these previous PWTs produce relatively weak induced electric fields in water, where the field strength is often ~1 mV/cm or less due to involved physics laws such as Faraday's law. In comparison, an electric field above 10 6 V/cm in water could be produced by pulsed plasma in water, leading to a higher efficiency than previous PWT methods. The present study conducted fouling experiments in a heat exchanger by circulating artificially-prepared hard water through a simulated cooling tower system. Figure 1 shows the schematic diagram of the present test facility. The main component of the apparatus was a counterflow concentric heat exchanger. The length of the heat transfer test section was 600 mm. Hot water was circulated inside the inner copper tube at a constant velocity of 1.0 m/s, while cold hard water was circulated in the opposite direction through the annulus gap between the inner and outer tubes at two different velocities (0.1 and 0.5 m/s). Details of the heat exchanger were described elsewhere [7] . The initial CaCO 3 hardness of the cold water was 250 mg/L, which was obtained by mixing CaCl 2 and NaHCO 3 at right proportions. The final hardness at the end of fouling tests was approximately 600-700 mg/L as zero blowdown was used in the tests. The inlet temperature of cold water was maintained at 20 ± 3 o C, whereas the inlet temperature of hot water was kept at 95 ± 3 o C using a hot water heater. Four copper-constantan (type T) thermocouples were installed at the inlets and outlets of the counterflow heat exchanger and measured temperatures every 1 min for a test period of 24-48 hours.
Experimental Methods
The heat transfer rate, Q, was calculated from both hot-and cooling-water sides as:
( 1) where and are the mass flow rates of hot and cooling water, respectively; c p is the specific heat of water; ΔT h and ΔT c are the temperature differences between inlet and outlet of hot and cooling water, respectively. The measured heat transfer rate at the hot water side was approximately 5% larger than that at the cold water side as parasitic heat loss from the outer tube wall to the surroundings. Here the heat transfer rate measured from the cooling water side was used. The value of Q varied from 1.9 to 3.2 kW depending on the flow velocity at the cold-water side.
The overall heat transfer coefficient U was calculated as [8] :
where A is the heat transfer surface area, and ΔT LMTD is the log-mean-temperature-difference. ΔT LMTD was determined as [8] :
, ,
The fouling resistance R f was calculated as [8] :
where U f is the overall heat transfer coefficient for fouled states, and U is is the overall heat transfer coefficient at initial state. The latter (U is ) was determined using distilled water during the initial calibration run prior to the fouling tests. The spark discharge generation system consisted of two components: a discharge chamber utilizing pointto-plain electrode system immersed in water and a highvoltage power supply with a capacitive energy storage. In a typical experiment, a 8.5 nF capacitor bank stored energy at voltage of 25 kV was discharged through a 5-mm electrode gap into the discharge chamber. The peak current of these pulses was about 90 A. Details of the circuit system were discussed elsewhere [9] .
Average scale thickness was estimated by the following equation:
where m 0 and m f are the mass of the copper tube before and after fouling tests, respectively, and ρ c is the density of calcite (2.7 g/cm 3 ). Scale adhesion was tested by the taping method [10] . First two cuts are made into the scale coating with a 90-degree intersection. Then a pressure sensitive tape (Scotch ATG 928, 3M Inc.) was applied on the center of the intersection at ten randomly selected points on the surface of the fouled tubes and then pulled off to determine the coating adhesion stress. This technique produced only qualitative results, and completely lifting, partial lifting, and complete adhesion were identified. Scanning electron microscopy (SEM, FEI XL30) images were obtained from the fouled copper tubes at Drexel SEM laboratory. The scale deposition involved the cumulative effect of a direct diffusion of dissolved calcium ions to a heat transfer surface and the removal of scale deposits from the surface. Figure 2 shows the results for the fouling tests obtained for the no-treatment and plasma treated cases at a flow velocity of 0.1 m/s. The fouling resistance in the no-treatment case demonstrated a slow increase in the first 14 h of operation. At t = 15 h, the fouling resistance increased dramatically as the entire surface of copper tube was fully covered by mineral scales. After that, the fouling resistance began to slowly rise as the thickness of the scale layer gradually increased until the end of test, indicating that the deposition rate of the scales was consistently larger than the removal rate during this period because of the low flow velocity. Note that under normal conditions, U f will drop as the scale grows so that R will always be positive. However, when the wall of the heat transfer tube becomes rough particularly at the beginning of fouling tests, the convective heat transfer coefficient increases beyond that from the clean tube condition. Hence one can have negative fouling resistances especially at the beginning of test. The fouling resistance obtained in the plasma treatment case depicted a completely different trend. The fouling resistance had a steep increase to a maximum value in the first 4 h of operation. Note that there are two different categories of fouling: particulate fouling and precipitation fouling. The former refers to the deposition of suspended particles to the heat transfer surface in the form of soft sludge. This type of fouling can easily be removed by shear forces created by flow than those deposits produced from the precipitation of mineral ions directly on the heat transfer surface, i.e., precipitation fouling [11] . It was demonstrated in our previous study that the precipitation of calcium carbonate could be induced by pulsed spark discharge in supersaturated hard water and thus creating a significantly greater number of CaCO 3 particles than the untreated water [6] . Hence, much faster particulate fouling must have taken place at the first several hours of the test, causing the dramatic increase in the fouling resistance. At t = 4 h, the fouling resistance showed a significant drop, indicating that large scale pieces were dislodged due to the shear stress of the water flow. A similar process of particulate fouling build-up and dislodge was repeated during the period between 9 and 12 h. The final asymptotic fouling resistance at the end of the test was 50% lower than that obtained from the baseline test, clearly indicating the beneficial effect of the plasma discharge on the mitigation of mineral fouling. Figure 3 shows photographs of sections of fouled copper tubes for both the no-treatment and plasma treated cases. Scale with about 1-mm average thickness was observed for the no-treatment case. For the case of the plasma treatment, the scale was about 0.4 mm thick, and the copper tone color of the copper tube was visible at the end of fouling test. Fig. 2 at the first 20-h period. The fast rise and fall of fouling resistance observed in the first 6-h period indicated both accumulation and removal of large scale deposits on the heat exchanger surface. After t = 20 h, the fouling resistance slightly went up and down numerous times until the end of the test, indicating that the old scales were repeatedly removed from the heat transfer surface as the new scales continued to develop. The final fouling resistance was reduced by 72% comparing to that for the notreatment case. ) show SEM images of CaCO 3 scales for both the no-treatment and plasma treated cases at a flow velocity of 0.5 m/s. The SEM images for the no-treatment case showed particles less than 10 µm in size, with sharp crystal structures as a result of crystallization fouling. The images obtained with plasma treatment showed particles with rounded shape and irregular sizes, probably caused by agglomeration of the precipitated particles produced by spark discharges. Note that the hardened scale caused by crystallization fouling has a stronger adhesion force to the surface cannot be removed by brush punching and thus acid cleaning is often required, while the scale formed through particulate fouling is usually soft and can be removed by the shear force of water flow [11] . The Scotch tape test results confirmed the hypothesis as shown in Fig. 6 . Complete lifting was observed for the case of plasma treatment, while the no-treatment case demonstrated zero or partial lifting. The difference of the scale adhesion force may explain why the underwater spark discharge was effective in the mitigation of mineral fouling on heat exchanger surfaces.
Results and Discussions

Conclusions
The present study investigated the effect of pulsed spark discharge in water on the mitigation of CaCO 3 fouling in a concentric tube heat exchanger. Fouling tests were conducted with an initial water hardness of 250 mg/L at two different flow velocities (0.1 and 0.5 m/s) with zero blowdown. The fouling resistances for the plasma treated cases dropped by 50 -72% compared with the no-treatment cases, depending on the flow velocity. The fouling resistance data confirmed that the pulsed spark discharge was beneficial in mitigating the mineral fouling in a heat exchanger by continuously producing suspended calcium carbonate particles in water. Subsequently, the suspended particles tended to form soft deposits on the surface of heat exchangers, which were removed by the shear force of water flow. SEM images showed larger and amorphous structures for the plasma treated cases, compared to the crystallized structures observed for the no-treatment case.
